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Differential scanning calorimetrynce of four antimicrobial peptides of different secondary and ternary structure –
melittin (Mel), protegrin-1 (PG-1), peptidyl-glycylleucine-carboxyamide (PGLa), and gramicidin S (GS) – on
the lamellar-to-nonlamellar transition of palmitoyloleoyl phosphatidylethanolamine (POPE) applying
differential scanning calorimetry and small-angle X-ray diffraction. None of the peptides studied led to the
formation of an inverted hexagonal phase observed for pure POPE at high temperatures. Instead either cubic
or lamellar phases were stabilized to different degrees. GS was most effective in inducing a cubic phase,
whereas Mel fully stabilized the lamellar phase. The behavior of POPE in the presence of PG-1 and PGLa was
intermediate to GS and Mel. In addition to the known role of membrane elasticity we propose two
mechanisms, which cause stabilization of the lamellar phase: electrostatic repulsion and lipid/peptide pore
formation. Both mechanisms prevent transmembrane contact required to form either an inverted hexagonal
phase or fusion pores, as precursors of the cubic phase.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Antimicrobial peptides exhibit different effects on major lipid
classes of mammalian and bacterial cell membranes. Understanding
the mutual dependence of lipid/peptide interactions is a key for the
rational design of novel peptide antibiotics. The number of relevant
parameters to consider is, however, large. Besides electrostatic and
hydrophobic moments, peptide structure and amphipathic distribution
of polar and hydrophobic residues lipid mediated lipid/peptide inter-
actions have to be considered [1–3]. Membrane disruption or impair-
ment may occur in several ways: pore formation [4–6], membrane
micellization [7] and lipid segregation [8], as well as shifts of phase
transition temperatures, in particular that of the lamellar-to-nonla-
mellar phase transition [8–18].
The present paper focuses on the latter mechanism which may be
understood qualitatively in terms of the lateral pressure proﬁle [19]
balancing the repulsive and attractive interactions between the
individual lipid molecules within the lipid bilayer. Insertion of a
membrane active compound affects this balance and may lead to a
long-range effect in the form of a globally curvedmembrane [20]. Such
effects are particularly pronounced if lipids exhibit a propensity to
negative curvature. For example phosphatidylethanolamines (PEs),
which also dominate the lipid composition of the inner membranes of
Gram-negative bacteria [21], are known to display nonlamellar+43 316 4120 390.
l rights reserved.structures, such as the inverted hexagonal (HII) and cubic (QII) phases,
above the ﬂuid lamellar Lα phase [22,23]. Considering curvature free
energies [24,25] the expected equilibrium sequence of phases is
Lα→QII→HII for PEs. However, the QII phase is frequently only
observed upon cooling from the HII phase [26], or by repeatedly
cycling through the Lα/HII phase transition [27,28], in which the
addition of salts and disaccharides accelerates the formation of cubic
phases [26]. Additionally, lamellar/nonlamellar phase transitions are
known to be strongly hysteretic [29]. A direct Lα→QII transition is
typically only observed for short-chain [30], or headgroup methylated
PEs [31], respectively.Membrane active compounds such as cholesterol
[32], fusion peptides [33,34] and in particular antimicrobial peptides
[9–18] have been reported to induce QII phases or to shift the lamellar/
nonlamellar phase transition temperature upon their addition to PEs.
Changes in the stability of Lα or QII phases have been proposed to
be caused by a modiﬁcation of the monolayer Gaussian curvature
elastic modulus [24,25]. HII phase formation in turnmay be favored by
a decrease of the energies associated with the voids in hexagonal
interstices [35]. Most recently, the energy required to unbind adjacent
bilayers in cubic phase formation has been implied to affect the
stability of the QII over the HII phase [36]. Thus, depending on the size
and insertion behavior of antimicrobial peptides Lα, QII or HII phases
may be favored. Consequently, information on these peptide proper-
ties may be retrieved from studying lamellar/nonlamellar phase
transitions. The present work is a ﬁrst attempt in that direction. We
have chosen to investigate the effects of the peptides melittin (Mel)
[4,37–42], protegrin-1 (PG-1) [43–48], peptidyl-glycylleucine-carbox-
yamide (PGLa) [2,49–51] and gramicidin S (GS) [11,14,52,53] on POPE
model membranes. The different secondary and ternary structures of
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predominantly α-helical peptides, whereas PG-1 and GS exhibit β-
sheet elements.
Applying differential scanning calorimetry (DSC) and small-angle
X-ray diffraction (SAXD) we found that pure POPE displays a HII upon
heating, which partially converted into a QII upon cooling. None of the
four peptides at a lipid to peptide (L/P) molar ratio of 25 formed a HII
phase in POPE bilayers. In the presence ofmelittin no high temperature
phase transition was observed in the studied temperature range in
agreement with previous studies [38,54]. GS led to a complete
transformation of the Lα phase into a QII phase and decreased the
lamellar/nonlamellar transition temperature Tnl by∼2 °C. PG-1 also led
to a small decrease of Tnl, whereas PGLa caused a ∼9 °C increase. No
complete turnover into QII phases was observed for PG-1 and PGLa.
Instead, the QII phases were minor fractions (∼7% for PG-1 and ∼35%
for PGLa) that coexisted with the Lα phase, demonstrating that PG-1
has a smaller efﬁcacy to induce nonlamellar phases than PGLa. This
contrasts the observed shifts of Tnl by∼−1.5 °C for PG-1 and ∼+9 °C for
PGLa,which suggest the opposite effect. These results canbe reconciled
qualitatively by considering that peptides may not incorporate into
lipid membranes in a uniform way, but may be present in different
states of aggregation, adsorption or insertion at the same time.
2. Materials and methods
2.1. Lipids and peptides
POPE was purchased from Avanti Polar Lipids, Inc., Alabaster, AL,
USA (purityN99%) and used without further puriﬁcation. Acetic acid,
ammonia, chloroform, methanol, sodium hydrogen phosphate, and
sodium dihydrogen phosphate, were all purchased in pro analysis
quality from Merck, Darmstadt, Germany. POPE was dissolved in a
chloroform/methanol (2/1 v/v) mixture. The stock solutionwas stored
at −18 °C. Before and after calorimetric and X-ray experiments the
purity of the phospholipid was checked by thin layer chromatography,
which showed only a single spot using CHCl3/CH3OH/NH3,conc. (65/25/
4 v/v/v) as a solvent.Fig. 1. Schematic structures of GS (A), PG-1 (B), Mel (C) and PGLa (D) showing the distributio
Bank (http://www.rcsb.org/pdb/home/home.do, ﬁles: 2 mlt.pdb and 1zy6.pdb) and GS from t
ﬁle 1tk2.pdb). The coordinates for PGLa were provided by the group of A. Ulrich (Forschung
complete α-helical structure. C-terminal amides are not shown. Note that the exact conformMelittinwas obtained from Sigma-Aldrich (St. Louis, MO, USA) and
PGLa fromNeoMPS (San Diego, CA, USA). Gramicidin S (HCl) salt was a
gift from R. Hodges (University of Colorado, Aurora, CO) and PG-1 was
a gift from R. Lehrer (UCLA, Los Angeles, CA). The stock solutions of the
peptides were prepared by dissolving the peptide powders in 20 mM
Na-phosphate buffer, 130 mM NaCl, pH 7.4, the same buffer used to
hydrate the lipid bilayers (see below).
2.2. Preparation of liposomes
Appropriate amounts of the phospholipid stock solution were
dried under a stream of nitrogen and stored in vacuum overnight to
remove the organic solvent. The dried lipid POPE ﬁlmwas dispersed in
20 mM Na-phosphate and 130 mM NaCl, pH 7.4 containing an aliquot
of the peptide stock solution. The applied peptide concentrationswere
L/P=25 for PG-1, PGLa and GS, as well as P/L=500, 100 and 25 for Mel.
Multilamellar vesicles were prepared by 8 freeze-and-thaw cycles
between T=45 °C and T=−196 °C (using liquid nitrogen) and
intermitted vigorous vortex mixing. The total lipid concentration
used for the DSC scans was 1.0mgml−1 and 50.0mgml−1 for the X-ray
measurements. Our samples are, therefore, fully hydrated, i.e. the
liposomes coexist with an excess aqueous solution and are free to
swell according to the balance of forces between adjacent bilayers.
2.3. Differential scanning calorimetry (DSC)
Calorimetric experiments were performed using the Microcal
VP-DSC (Microcal, Northampton, MA). A scan rate of 0.5 °C/min
was applied for all samples. DSC runs were repeated at least twice
on freshly prepared samples to ensure reproducibility. Data
acquisition and analysis was carried out using Microcal's Origin
software (Microcal). The enthalpy change of the phase transition,
ΔH, was obtained from the area under the peak after normal-
ization to phospholipid concentration and baseline adjustment. The
phase transition temperature was deﬁned as the temperature at
the peak maximum. All presented data were taken from the ﬁrst
heating scans.n of charges. The structures of Mel and PG-1 were obtained from the RCSB Protein Data
he Orientations of Proteins in Membranes (OPM) database (http://opm.phar.umich.edu/,
szentrum Karlsruhe, Germany) and have been constructed assuming that PGLa forms a
ation of the peptides depends on the lipid environment.
Table 1
Thermodynamic data for POPE in the presence of Mel, GS, PGLa and PG-1 (L/P=25)
obtained at a heating rate of 0.5 °C/min
Tm
(°C)
ΔHm
(kJ mol−1)
ΔTm 1/2
(°C)
Tnl
(°C)
ΔHnl
[kJ mol−1]
ΔTnl 1/2
(°C)
POPE 24.6 17.9 0.7 74.5 2.0 2.4
POPE:Mel 15.5a 6.4a
21.5 2.8
POPE:PG-1 24.9 22.0 0.5 73.1 0.4 –
POPE:PGLa 24.6 26.0 1.0 83.3 1.8 7.8
POPE:GS 22.6a 9.4a −0.6 72.1 0.7 2.3
25.0 17.1
a Numbers indicate the values for the additional phase transition induced by Mel
and GS.
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SAXD experiments were performed on a laboratory SWAX compact
Kratky camera (HECUS X-ray Systems, Graz, Austria), which was
mounted on a sealed-tube X-ray generator (Seifert, Ahrensburg,
Germany) operating at 2 kW. CuKα radiation (λ=1.542 Å) was
selected using a Ni-ﬁlter in combination with a pulse height
discriminator. The SAXD patterns were recorded with a linear
position-sensitive detector (PSD-50 M, HECUS X-ray Systems, Graz,
Austria). Calibration of small-angle region was performed with silver
stearate (d-spacing=48.68 Å). Temperature was controlled in the
range of 25 °C to 90 °C at temperature steps of typically 5 °C with a
programmable thermo-resistor unit (temperature precision=±0.1 °C).
The samples were equilibrated at the respective temperature for
15 min before exposures of 3600 s to the X-ray beam.
Selected diffraction patterns were analyzed using the programGAP
(Global Analysis Program), which is based on a previously described
[55,56] global model for small-angle X-ray scattering data of lamellar
phases, which can be written as
I qð Þ ¼ S qð ÞjF qð Þj
2
q
: ð1Þ
I refers to the scattered intensity and q to the modulus of the
scattering vector. The structure factor S was calculated from the
modiﬁed Caillé theory and the form factor F was given by a simple
model of the electron density proﬁle using a single GaussianFig. 2. Thermograms of POPE in the presence of various peptides. Panel A shows the
effects of melittin on the main and lamellar–hexagonal phase transition as a function of
peptide concentration (numbers give the P/L ratio). Panel B shows the melting
transition of pure POPE (i) and in the presence of PG-1 (ii), PGLa (iii) and GS (iv) at a P/L
of 25 upon heating. Panel C shows the inﬂuence of the same peptides on the lamellar-
to-hexagonal transition. All thermograms shown represent the ﬁrst heating scans.distribution of the electron dense headgroup region and a second for
the methyl trough of the hydrocarbon chains. Details of the technique
have been reviewed recently [57]. From this analysis we derived the
lamellar repeat distance, d, the head-to-headgroup distance, dHH, as a
measure for the membrane thickness and the separation between
adjacent bilayers, dW=d−dHH. Additionally we also obtained the Caillé
ﬂuctuation parameter [55]
η ¼ kBT
2d2
ﬃﬃﬃﬃﬃﬃﬃﬃ
KCB
p ð2Þ
directly from the global analysis, where kBT is the thermal energy, KC
the bending rigidity of single bilayers and B the bulk modulus of
interactions [57].
Time-resolved SAXD data on pure POPE dispersion were
recorded at a photon energy of 8 keV at the Austrian SAXS
beamline [58,59] (Elettra, Trieste, Italy) using a position-sensitive
detector [60]. Samples were kept in a brass sample holder
connected to a circulating water bath (Unistat CC, Huber, Offenburg,
Germany). The water bath was programmed to achieve heating/
cooling rates of 1 °C/min. The temperature was measured with a pt-
100 temperature resistor. During the temperature scan samples
were exposed to X-rays every 50 s for 10 s using a fast shutter in
front of the sample holder. Angular calibration was performed with
silver behenate (d-spacing=58.38 Å).
3. Results
Fig. 2 shows the excess heat capacity curves of the pure lipid POPE
and the effects of the four peptides, Mel, PG-1, PGLa, and GS on the
thermotropic phase behavior of POPE. The complete thermodynamic
data are listed in Table 1. Upon heating pure POPE exhibited a single
sharp main phase transition at Tm=24.6 °C (ΔHm=17.9 kJ mol−1), as
well as a lamellar-to-inverse hexagonal phase transition at Tnl=
74.5 °C (ΔHnl=2.0 kJ mol−1) in agreement with previously published
data [22].
The present work focuses on the lamellar-to-nonlamellar phase
transition. For completeness, we brieﬂy describe the effects of the
studied peptides on the main phase transition. Mel led to a substantial
shift of the Tm towards lower temperatures and concomitant decrease
of ΔHm as a function of peptide concentration (Fig. 2A). Addition of
PG-1 (L/P=25) increased the main phase transition temperature
slightly by 0.3 °C (Fig. 2B, Table 1). In contrast, PGLa induced at L/P=25
a shoulder at the low temperature side of themain transition peak, but
the Tm of themajor peakwas not changed at all. Upon incorporation of
equivalent amounts of GS this “shoulder” could be clearly distin-
guished as a second peak with a maximum at 22.6 °C and the main
peak was shifted to higher temperatures by 0.4 °C.
The lamellar-to-nonlamellar transition was completely abolished
in the presence of Mel, even at L/P=500 (Fig. 2A), in agreement with
previous reports [38,54]. For PG-1, the Tnlwas slightly lowered by1.4 °C
to 73.1 °C and the transition enthalpy was about ﬁve times lower
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the addition of PGLa broadened the lamellar-to-nonlamellar phase
transition regime signiﬁcantly and caused a 9 °C up shift of the
transition temperature (Tnl=83.3 °C, ΔHnl=1.8 kJ mol−1). The incor-
poration of GS lowered the Tnl to 72.1 °C and ΔHnl to 0.7 kJ mol−1,
whereas the transition peak width remained nearly unaffected.
In order to elucidate the involved structural rearrangements we
have performed SAXD. Fig. 3 shows the phase behavior of pure POPEFig. 3. Structural phase transitions of a pure POPE dispersion as a function of
temperature. The diffraction patterns have been obtained at a heating/cooling rate of
1 °C/min with an exposure time of 10 s every minute for each individual frame. Panel A
shows a contour plot of the small-angle diffraction data upon heating the sample from
0 °C to 90 °C and cooling back to 0 °C. Panel B gives a detail of the diffraction pattern at
35 °C upon cooling exhibiting two cubic phases, Pn3m (⁎) and Im3m (|). Panel C shows
the water channels within the unit cells of the two cubic phases (adapted from http://
www.msri.org/about/sgp/jim/geom/surface/global/skeletal/index.html).
Fig. 4. Phase behavior of POPE containing Mel (L/P=25) as a function of temperature.
The upper panel shows a contour plot of SAXD patterns recorded with a SWAX camera
in the temperature range 30 °C–90 °C–30 °C. The lower panel presents selected
diffraction patterns at 40 °C upon heating (i) and upon cooling (ii).obtained at the SAXS beamline (Elettra, Italy) at high instrumental
resolution, which serves as a reference pattern for the SAXD studies
on POPE in the presence of peptide. Following the sequence of their
appearance with temperature the observed diffraction peaks can be
ascribed to the lamellar gel phase, Lβ, the ﬂuid lamellar phase Lα, the
inverted hexagonal phase HII and the cubic phases QII of space
groups Pn3m and Im3m. The two cubic phases form only upon
cooling and coexist with the Lα phase. At 35 °C, upon cooling, the
size of the cubic unit cell is 169 Å for the Pn3m phase and 217 Å for
the Im3m phase. Both cubic phases vanish as the system transforms
back into the Lβ phase.
The phase behavior of POPE in the presence of the peptides has
been studied with a laboratory SWAX camera, applying the same
temperature protocols for all four peptides. Fig. 4 shows the
temperature dependent SAXD patterns of POPE in the presence of
Mel. The diffraction patterns are characteristic for a lamellar phase
with a d-value of ∼61 Å. No shift of the peak position was found
as a function of temperature in contrast to pure POPE [22] (see
also Fig. 1). Additionally, no Bragg reﬂections indicating the
presence of a different structure appeared at high temperatures.
Thus, and in agreement with our DSC data (Fig. 2A), Mel stabilized
the Lα phase and no transition into a nonlamellar structure took
place.
The behavior of POPE containing PG-1 under equivalent conditions
is presented in Fig. 5. In the temperature range from 30 °C to 70 °C and
Fig. 5. Phase behavior of POPE containing PG-1 (L/P=25) as a function of temperature.
The upper panel shows a contour plot of SAXD patterns recorded with a SWAX camera
in the temperature range 30 °C–90 °C–40 °C. The lower panel presents selected
diffraction patterns at 40 °C (a), 90 °C (b), 80 °C (c, cooling) and 50 °C (d, cooling). Above
80 °C, on heating, the system exhibits two cubic phases Pn3m (⁎) and Im3m (|) that
coexist with the Lα phase (§).
Fig. 6. Phase behavior of POPE containing PGLa (L/P=25) as a function of temperature.
The upper panel shows a contour plot of SAXD patterns recorded with a SWAX camera
in the temperature range 30 °C–90 °C–30 °C. The lower panel presents selected
diffraction patterns at 60 °C (a), 90 °C (b), 80 °C (c, cooling) and 30 °C (d, cooling). At
90 °C and below, upon cooling, the system exhibits a cubic phase Pn3m (⁎) that coexists
with the Lα phase (§).
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characteristic for the Lα phase. The lamellar repeat distance decreased
quasi linearly with Δd/ΔT∼0.03 Å/°C with an average d-value of about
53 Å. Increasing further temperature to TN70 °C decreased the
intensity of the ﬁrst lamellar diffraction order by about a factor of two.
Additionally, low q-value peaks appeared which can be indexed on
the two cubic lattices found in pure POPE system (Fig. 2), with unit cell
parameters a of ∼121 Å for the Pn3m and ∼154 Å for the Im3m at
90 °C. The ratio of the unit cell parameters aIm3m/aPn3m=1.273 is close
to the ideal Bonnet relation of 1.279 [61], supporting the chosen
indexing. No complete turnover of the lamellar phase into cubic
structures was observed. Instead, the QII phases constituted only a
small fraction of ∼7%, as determined from the peak intensities that
coexisted with the Lα phase. The system displayed amarked transition
hysteresis. Upon cooling, the system slowly recovered its full lamellar
structure as seen by an increase of the intensity of the ﬁrst order peak
corresponding to the Lα phase and a concomitant decrease of the
cubic phase peak intensities (Fig. 4). At 50 °C no more traces of the QII
phase were observed.POPE containing PGLa exhibited a pure Lα phase between 30 °C
and 70 °C (Fig. 6) with an average d of ∼53 Å and a linear decrease of
Δd/ΔT∼0.04 Å/°C. At higher temperatures, the peak intensity
continuously decreased on account of peaks that can be ascribed to
a cubic Pn3m phase (a∼131 Å; T=90 °C). No traces of Im3m were
visible, probably because of positional disorder, as the usual stronger
Pn3m reﬂections (Fig. 1B) were already of low intensity. Compared to
PG-1, however, a signiﬁcantly higher cubic phase fraction of ∼35%was
induced by PGLa. The transition hysteresis of the system was slightly
more expressed than in the case of PG-1. At about 45 °C, upon cooling,
the Lα peak started to increase again in intensity and at 30 °C no more
traces of a cubic phase were observed (Fig. 6).
The effect of GS on POPE bilayers in the same temperature range
is shown in Fig. 7. Similarly to PG-1, the Lα phase was stable up to
∼70 °C with Δd/ΔT∼0.06 Å/°C. Upon further heating, the Bragg peak
intensity corresponding to the Lα phase decreased and vanished
completely at 90 °C. At the same time additional peaks at low
scattering angles emerged demonstrating the presence of one or
Fig. 7. Phase behavior of POPE containing GS (L/P=25) as a function of temperature. The
upper panel shows a contour plot of SAXD patterns recorded with a SWAX camera in the
temperature range 30 °C–90 °C–30 °C. The lower panel presents selected diffraction
patterns at 40 °C (a), 90 °C (b), 50 °C (c, cooling) and 30 °C (d, cooling). At 90 °C and
below, upon cooling, the system exhibits two cubic phases Pn3m (⁎) and Im3m (|).
Fig. 8. SAXD patterns of POPE at 30 °C containing no peptide (a), PG-1 (b), PGLa (c), GS
(d), andMel (e) at a molar ratio of L/P=25. Open circles correspond to experimental data
and solid lines to a global ﬁt to the diffraction data. Data have been shifted vertically for
clarity of presentation.
Table 2
Structural parameters for pure POPE and POPE containing Mel, PG-1, PGLa and GS at
30 °C
d (Å) dHH (Å) dW (Å)
POPE 52.7±0.1 45.7±0.3 7.0±0.3
POPE:Mel (25:1) 61.2±0.1 40.3±0.3 20.9±0.3
POPE:PG-1 (25:1) 54.0±0.1 44.5±0.3 9.5±0.3
POPE:PGLa (25:1) 53.5±0.1 44.2±0.3 9.0±0.3
POPE:GS (25:1) 50.7±0.1 42.6±0.3 8.1±0.3
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assignment of the reﬂections. Fig. 7 shows one possible indexing
with coexisting Pn3m (a=124 Å) and Im3m (a=157 Å) phases,
which agrees with the intensity ratios found in pure POPE (Fig. 3B)
and whose aIm3m/aPn3m=1.266 is close to the ideal Bonnet ratio (see
above). Upon cooling, the cubic structures were stable down to
30 °C and showed only minor losses of positional correlations. The
system reverted into a lamellar supramolecular packing only below
Tm (data not shown). Hence, GS is most efﬁcient in stabilizing the
cubic structures.
4. Discussion
Compared to pure POPE all studied peptides, except for Mel,
induced the cubic phase already upon heating of the sample.
Moreover, no hexagonal structure was observed in all four experi-ments in the studied temperature range (Figs. 4–7). On the other hand,
and except for Mel, DSC data clearly showed a transition peak (Fig. 2C)
that correlated with the transition regime observed by SAXD. It is
important to note that X-ray diffraction is highly sensitive to the
presence of inverted hexagonal phases, because isolated rods of this
phase are hydrophobic and energetically prefer to aggregate into a
hexagonal lattice in aqueous solution. Hence, once the ﬁrst nuclei of
the HII phase are formed their stabilization can be expected to proceed
much faster than on the present experimental time scale. Conse-
quently, we expect to observe clear signatures of an inverse hexagonal
phase if present. Since such signatures are absent in the diffraction
data the observed endothermic transitions in the DSC scans are most
likely to be due to the formation of the QII phases. However, we cannot
exclude a possible inﬂuence of the different heat rates in DSC and X-
ray experiments. Nevertheless, the clear correlation of X-ray and DSC
with respect to the transition temperatures seems to support this
conclusion. On the other hand, GS, PGLa and PG-1 affect the lamellar-
to-nonlamellar transition to different extents.
In order to get better insight on these differential effects we have
analyzed their inﬂuence on the Lα phase structure in detail. Fig. 8
shows the diffraction patterns of pure POPE compared to those of
POPE containing Mel, PG-1, PGLa and GS at 30 °C. The data have been
analyzed in terms of a global data analysis model [55,56]. Results are
shown in Table 2. Mel led to a signiﬁcant thinning of the membrane by
5.4 Å and an increase of the bilayer separation from 7 Å to ∼21 Å. In
turn, PG-1 and PGLa both caused a ∼1 Å decrease of the membrane
thickness and a ∼2 Å increase of the bilayer separation. Finally, GS led
to a membrane thinning of about 3 Å and an increase of the bilayer
separation by about 1 Å.
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interactions and is generally related to the elastic response of the lipid
bilayer, as well as to the size and degree of insertion of the peptide
[6,62]. Further, because the membrane thickness has been related to
the stability of cubic phases [24,25] membrane thinning can be
expected to affect the lamellar-to-nonlamellar transition. Since the
bilayer matrix is the same throughout our complete data, differential
effects in reducing the membrane thickness have to be related to the
properties of the peptides. The present data on the membrane
thickness does not permit to defer the exact location of the peptides
within the bilayers. However, some conclusions may be drawn from
the bilayer separation data. All studied peptides are strongly charged
and signiﬁcantly larger bilayer separations can be expected at
the present buffer conditions (Debye–Hückel screening length
λDH=6.7 Å), if all peptides were simply adsorbed to the lipid surface.
Thus, the electrostatic charges must be additionally shielded by
peptide insertion.
Mel exhibited the strongest effects, both on the membrane
thickness and on the bilayer separation. Previous studies have
shown that Mel arranges in monomeric form with its helical axis
parallel to the bilayer plane at the depth of the glycerol groups at low
concentrations [42] and inserts into the membrane above a certain
threshold concentration in a transbilayer fashion forming pores of
toroidal type [6]. Accordingly, the observed decrease of membrane
thickness would be given by a local matching of the hydrophobic core
of the bilayer with the hydrophobic length of Mel inserted in a
transbilayer fashion. The increased bilayer separation shows that
either a signiﬁcant fraction of Mel lies parallel to the lipid bilayer,
exposing its charges (net charge=+6) to themembrane surface, or that
Mel causes a softening of the bilayer [62], which leads to increased
undulations and hence to steric repulsion of adjacent bilayers of
Helfrich type [63]. The Caillé ﬂuctuation parameter η, determined
from the global SAXD analysis, increased from 0.167 for pure POPE to
0.184 in the presence of Mel. This indicates that the bending rigidity
drops at most by ∼3% (see Eq.(2)), which is insufﬁcient to explain the
increase of dW by ∼14 Å. The ﬁrst scenario is much more effective in
increasing bilayer separation. Thus, the peptides in the inserted state
appear to coexist with peptides adsorbed to the bilayer surface
meaning that not all peptides participate in pore formation as
suggested recently also for cecropin A [64]. We speculate that the
fraction of Mel located in the membrane interface is dominant in
preventing the formation of the inverted hexagonal phase. Nucleation
of a cubic phase proceeds through the formation of fusion inter-
mediates and requires transmembrane contact [65]. Similarly,
adjacent bilayers need to approach each other sufﬁciently in order
to form an inverted hexagonal phase [22]. This process cannot take
place if the bilayers repel each other due to electrostatic interactions
of surface boundMel. Indeed, Mel was the only peptide studied where
the d-spacing of POPE did not decrease with temperature (Fig. 4) in
support of this argument. Additionally, lamellar-to-nonlamellar phase
transitions are known to be promoted by negative spontaneous
curvatures [19,24,25]. Thus, Mel in the surface state may stabilize the
Lα phase by increasing the spontaneous curvature of the system, i.e.
making it less negative. In qualitative arguments, it may counteract
the negative curvature stress imposed by the splay of the hydrocarbon
chains by ﬁlling up the voids in the headgroup region. These voids
would be created in a PE monolayer, forced to have zero curvature at
high hydrocarbon splay. Indeed, the observed decrease of the Bragg
peak width upon increasing temperature (Fig. 4) signiﬁes an increase
of the scattering domain size and suggests an annealing of the bilayer
structure.
PGLa carries only one charge less than Mel, but induced a much
smaller increase of the bilayer separation (Table 2) and also led to the
formation of a bicontinuous cubic phase at elevated temperatures.
Further, only 35% of the Lα phase converted into a QII structure.
Because electrostatic repulsion of opposing bilayers obviously playsno signiﬁcant role, PGLa seems to shield its positive charges by
inserting into the lipid bilayer. Some complications arise, because of
the unknown conformation of PGLa in the presence of PEs. PGLa is
randomly coiled in aqueous solution and does not adopt a speciﬁc
conformation in the presence of charge neutral model membranes,
but forms a predominantly α -helical structure in negatively charged
bilayers or micelles if added exogenously [49,50,66]. Recently, PGLa
has been proposed to form an α-helix in neutral phosphatidylcholine
(PC) bilayers if co-dispersed from a dry lipid/peptide ﬁlm [51]. We
have applied an equivalent preparation protocol. Additionally, in
contrast to reported DSC data on PCs [49], PGLa affected the main
phase transition of POPE signiﬁcantly (Fig. 2B). Thus, we assume a
predominantly α-helical structure of PGLa for our present study.
An additional aspect concerns the solubility of PGLa in the bilayer.
PGLa has a much lower partition coefﬁcient in neutral PCs than Mel
[67,68]. No bindingmeasurements of PGLa have been reported for PEs.
Nevertheless, also a considerable fraction of PGLa might be dissolved
into the aqueous phase. Thus, the incomplete Lα→QII transformation
might be related to the water dissolved peptide fraction. However, in
this case, we would expect that the ‘unperturbed’ bilayers form a HII
phase, similar to pure POPE (Fig. 2). No signatures of an inverted
hexagonal phase were detected (Fig. 6). Thus, PGLa, dissolved in the
aqueous phase apparently obviously plays no role in the observed
phase behavior, which consequently needs to be related to the PGLa
insertion state. Solid-state NMR data indicated that PGLa inserts into
PC membranes above a critical threshold concentration [51]. Addi-
tionally, PGLa pore formation was suggested on the basis of
permeabilization experiments [69]. Based on these previous reports
and on our observation of a small bilayer separation in the presence of
the peptide (Table 2), we propose that PGLa is present in the bilayers
in two major populations: lipid/peptide pores in dynamic equilibrium
with PGLa inserted as monomer. We speculate that the latter fraction
is responsible for the increase of the Tnl by ∼9 °C (Table 1). These
peptides act similar to fusion peptides [33,34] by creating local
defects, which facilitate transmembrane contact and formation of
fusion pores as precursors of the QII phase. The increase of Tnl may be
related to an increase of the spontaneous curvature of the bilayers by
the insertion of PGLa similar to, but not as expressed as in the case of
Mel (see above). The complete stabilization of the Lα phase, i.e., the
fraction which did not convert into the QII phase can be thought of
being due to lipid/PGLa pores. The formation of a fusion pore in such a
casewould require that the lipid/peptide pores ﬁrst come into registry
and then promote transmembrane contact. In the absence of any
driving force for this mechanism such a scenario remains highly
unlikely. Thus, lipid/peptide pores will in general stabilize lamellar
phases. Additionally, the structural ﬂexibility of PGLa, as well as the
even distribution of charges along the helix in contrast to Mel, where
the charges are more localized at the N-terminus (Fig. 1), may play a
certain role in the observed effects. In any case, the stabilization of the
Lα phase seems to be not as robust as the electrostatic repulsion,
dominant in the case of Mel.
A very similar scenario is observed for PG-1, which carries an
additional positive charge (+7) compared to PGLa and displays a
hairpin-like ternary structure (Fig. 1) formed by antiparallel β-sheets,
which are stabilized by two intramolecular disulﬁde bridges [43,70].
PG-1 is, therefore, unlikely to change its conformation signiﬁcantly as
function of temperature. Addition of PG-1 leads to similar effects on
the membrane thickness and bilayer separation as PGLa (Table 2). In
contrast, however, only a signiﬁcantly smaller fraction (∼7%) of the Lα
phase transformed into a cubic structure (Fig. 5). Thus, PG-1 is
obviouslymore capable of stabilizing the Lα phase. This result is highly
interesting in view of the DSC data, which actually suggest the
opposite effect due to the down-shift of Tnl (Table 1). However, DSC is
not susceptible to the large fraction of the lamellar phase persisting for
TNTnl, emphasizing the importance of combining DSC with a
complementary structure sensitive technique. Previous studies have
2332 A. Hickel et al. / Biochimica et Biophysica Acta 1778 (2008) 2325–2333shown that PG-1 inserts at an oblique angle into lipid model
membranes and forms toroidal pores [45,46]. We, therefore, propose
that the lamellar phase is stabilized by PG-1 pores, analogously to our
ﬁndings for PGLa. The cubic phases are again speculated to be induced
by those peptides, which do not participate in lipid/peptide pore
formation, but act as impurities and nucleation centers for the QII
phase.
GS is the only one, out of the four studied peptides which
completely converted the Lα phase into a cubic structure. GS is a
decapeptide forming cyclic antiparallel β-sheet structure (Fig. 1) that
is stabilized by four intramolecular hydrogen-bonds [11] and carries
only two positive charges at the ornithin amino acid residues. Thus,
GS forms a wedge-like structure and it has been shown that it
readily inserts into lipid bilayers aligning its β-sheet backbone
parallel to the plane of the membrane [52]. The decrease of the
membrane thickness and the small bilayer separation (Table 2)
demonstrate in the present case that GS also inserted well into the
POPE bilayer. Its wedge-like structure can easily be envisioned to add
an additional negative curvature moment to the propensity of PEs to
form cubic phases [14]. Therefore, it lowers the lamellar-to-
nonlamellar transition temperature (Table 1) and stabilizes the
cubic phase. The reason, why we did not observe a hexagonal phase
might be related to the spontaneous curvature induced by GS
favoring the formation of QII instead of HII phases at lower
temperatures. However, we cannot exclude the presence of an
inverted hexagonal phase at temperatures higher than those studied
in the present work. Most recently, GS was reported to form pores by
aggregation into β-barrels in PCs at high peptide concentrations
using solid-state NMR [53]. We do not think that such a scenario
takes place in POPE under the present conditions, because β-barrels
will stabilize lamellar phases, not cubic or inverted hexagonal
structures.
In conclusion, all four peptides studied in the present work, Mel,
GS, PGLa, and PG-1 affect the lamellar-to-nonlamellar phase
transition of POPE to different degrees. The differential effects can
be qualitatively ascribed to the ternary peptide structure, insertion
behavior and stability of the formed pores. Our study suggests that
in addition to lipid curvature and bilayer adhesion energies,
respectively [24,25,35,36], also interactions that may prevent
transmembrane contact (electrostatic repulsion or lipid/peptide
pore formation) and consequently the formation of fusion inter-
mediates [65], need to be considered to understand the mechanism
of lamellar-to-nonlamellar phase transitions. Moreover, the induced
nonlamellar phase fractions coexisting with the Lα phase need to be
taken into account in addition to shifts of Tnl, when gauging the
stability of lamellar versus nonlamellar phases. The present work
also demonstrates qualitatively how information on lipid/peptide
interactions can be retrieved by monitoring global membrane
properties such as, e.g., bilayer thickness, bilayer separation or
transition temperatures, in the presence of the peptide using the
bilayers as highly sensitive sensors [1,20,57]. Once the mechanism of
lamellar/nonlamellar phase transitions is fully understood we will
be able to derive details on peptide insertion and aggregation
behavior from similar studies.
It is always tempting to relate results from well-deﬁned model
systems to biological effects. In this respect we note that although we
observe differential effects on POPE membranes, all four studied
peptides exhibit, despite Mel, very similar antimicrobial activity
against E. coli (minimal inhibitory concentration of 2 μM for Mel [71]
and 5–20 μM for all other peptides[72–74]). This does, however, not
question biophysical studies on model systems per se. There is ample
evidence that the overall properties of the model membranes and
hence their response to peptides strongly depends on the lipid
composition (see, for example, [1,57]). For example, we have reported
most recently that the human multifunctional peptide LL-37 interacts
very differently with model membranes of different compositionalcomplexity [3]. Thus in order to be able to conclude biological effects
frombiophysical studies,modelmembranes need tobe further reﬁned.
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